If the acquisition of virulence genes (VGs) for pathogenicity were not solely acquired through horizontal gene transfers of pathogenicity islands, transposons, and phages, then clonal clusters of enterotoxigenic Escherichia coli (ETEC) would contain few or even none of the VGs found in strains responsible for extraintestinal infections. To evaluate this possibility, 47 postweaning diarrhea (PWD) ETEC strains from diiferent geograph ical origins and 158 commensal E. coli isolates from the gastrointestinal tracts of eight group-housed healthy pigs were screened for 36 extraintestinal and 18 enteric VGs using multiplex PCR assays. Of 36 extraintestinal VGs, only 8 were detected (fimH, traT,fyuA, hlyA, kpsMtll, k5, iha, and ompT) in the ETEC collection. Among these, hlyA (a-hemolysin) and iha (nonhemagglutinating adhesin) occurred significantly more frequently among the ETEC isolates than in the commensal isolates. Clustering analysis based on the VG profiles separated commensal and ETEC isolates and even differentiated serogroup 0141 from 0149. On the other hand, pulsed-field gel electrophoresis (PFGE) successfully clustered ETEC isolates according to both serotype and geographical origin. In contrast, the commensal isolates were heterogeneous with respect to both serotype and DNA fingerprint. This study has validated the use of VG profiling to examine pathogenic relationships between porcine ETEC isolates. The clonal relationships of these isolates can be further clarified by PFGE fingerprinting. The presence of extraintestinal VGs in porcine ETEC confirmed the hypothesis that individual virulence gene acquisitions can occur concurrently against a background of horizontal gene transfers of pathogenicity islands. Over time, this could enable specific clonotypes to respond to host selection pressure and to evolve into new strains with increased virulence.
Enterotoxigenic Escherichia coli (ETEC) is the m ajor cause of postweaning diarrhea (PW D) in w eaned pigs. ETEC strains colonize the small intestine with the aid of adhesion factors (e.g., F4 or F18 fimbriae). Once attached, the release of either heat-labile or heat-stable (STa or STb) enterotoxins induces diarrhea by affecting the electrolyte balance of the small intes tine. The presence of virulence genes (VGs) encoding these determ inants is a key requirem ent for pathogenicity in ETEC and is generally used to distinguish these pathogens from the nonpathogenic or commensal E. coli normally carried in the intestine (37) .
Characterization of isolates from outbreaks of PW D has shown that ETEC strains lacking recognized fimbriae, such as F4 and F18, are becoming more common (19, 26, 44) . This may be related to the widespread use of vaccines incorporating fimbriated strains, providing selection pressure for the acqui sition and carriage of novel, unrecognized VGs. F or example, N oam ani et al. (37) found that m ost of the PWD isolates recovered in the period 1998 to 2001 in O ntario, Canada, were associated with a new type of 0149 ETEC, which possessed VGs for STa and an enteroaggregative heat-stable enterotoxin (EAST1) not found previously in 0149 isolates from the same region. Over time, porcine ETEC acquisition of new VGs associated with PWD may therefore change their V G profile and, potentially, their pathogenicity.
N um erous genes encoding virulence factors such as adhesins, host cell surface-modifying factors, invasins, toxins, and secretion systems are involved in mechanisms of pathogenicity in E. coli. Strains of the same pathotype and serotype normally carry a defined set of VGs that are critical for infection. For instance, enteropathogenic E. coli (EPEC) is associated with virulence factors encoded by the locus of enterocyte effacement, including tir, eaeA, and esp genes, while extraintestinal pathogenic E. coli (ExPEC) that causes urinary tract infections (UTI) or septicemia carries pap, afa/draBC, sfa/focDE, kpsM TI, and iutA genes (29) .
Elowever, using recen t technological advances such as m i croarrays and m ultiplex P C R to explore the global virulence p attern of strains, com binations of V G s predictive of differ en t pathotypes have been observed in unusual pathogenic and com m ensal E. coli strain backgrounds (2, 31) . F or ex am ple, Bekal et al. (2) found a hum an enterohem orrhagic (EF1EC) strain harboring a num ber of VGs typically in volved in extraintestinal infections. A dditionally, a bovine E T E C strain was found to contain E xPE C -associated genes (traT, om pT, and fim H ) and an E E lEC -associated gene (etpD) as well as genes for F5 fim briae and STa. A hum an E T E C strain (E ll0407) was found to contain two invasion genes (tia and tib) th a t direct the bacterium to invade hum an intestinal cell lines (17) .
Population analysis of the autochthonous E. coli bacteria inhabiting the gastrointestinal tract (GIT) of pigs has shown them to be very diverse, with greater diversity being dem on strated between the different regions of the gut than between different animals (12). In term s of microbial fitness, a potential advantage th at porcine ETECs have over commensal E. coli strains is greater amplification and dispersion in pigs with di arrhea com pared to healthy pigs with norm al feces and, thus, greater opportunity for acquisition of VGs from other strains (37) . Characterization and com parison of V G profiles between ETEC and gut commensal E. coli isolates can provide im por tant insights into the evolution and spread of VGs in p o ten tially pathogenic lineages. The aims of this work were to de term ine w hether PW D ETECs also carry VGs that are representative of other pathotypic E. coli strains and to assess w hether combinations of VGs are associated with ETEC strains belonging to different serotypes. It was also our inten tion to examine if VG combinations could distinguish clinical isolates from different geographic origins and to explore the presence of VGs in commensal isolates. Additionally, m olec ular variation between the PWD ETEC and commensal iso lates has been characterized by pulsed-field gel electrophoresis (PFG E) and genomic fingerprinting and com pared with VG profiling as a predictor of genotype.
MATERIALS AND METHODS
E. coli strains used in this study. A total o f 205 porcine E. coli strains w ere analyzed in this study. T h e collection consisted o f 47 isolates recovered from pigs with PW D and 158 E. coli isolates obtained from different parts o f th e G IT of healthy pigs. T hese isolates have been described in a previous publication (12) and are referred to as nonidentical commensal isolates o r strains based on D N A fingerprinting. T h e PW D isolates w ere obtained from diagnostic submissions (fecal swabs o r intestinal contents) from anim als o f different geographic origins. D iagnostic criteria for designation o f an isolate as a PW D strain have b een given previously (13) . Seventeen isolates w ere from southern New South W ales (NSW ), A ustralia, 23 from Q ueensland (Q ld), A ustralia, and 7 from V ietnam . T h e isolates w ere represented by two m ajor serogroups, (3149 (n = 39) and 0141 (n = 8). T h e 158 commensal E. coli strains w ere isolated from eight healthy 13-week-old m ale pigs (hybrids o f Large W hite and Landrace), weighing 35 to 45 kg each, from eight different litters a t E lizabeth M acarthur Agricultural Institute, A ustralia. O n average, four to five isolates w ere taken from th re e different gut regions (duodenum , ileum, and colon) and fecal samples for each individual pig. T h e isolates w ere confirm ed as E. coli by indole test (positive), minimal lactose agar grow th (positive), and Simmons citrate agar grow th (negative), as described by Dixit e t al. (12) . Strains used as reference sources o f V G s for PC R analysis a re listed in T able SI in th e supplem ental m aterial. All strains w ere grown on Luria-B ertani (LB) m edia and routinely stored a t -8 0°C in 15% (vol/vol) glyc erol. PC R tem plate D N A was prepared by boiling 1 ml o f overnight LB broth culture for 10 min, and 2-jxl aliquots o f th e sup ern atan t w ere subjected to PCR.
Serotyping porcine E. coli isolates. E. coli isolates w ere serotyped by the M icrobiological Diagnostic U nit, University o f M elbourne, A ustralia, using slide agglutination tests as described previously (5, 6) . Strains which failed to achieve motility on semisolid m edium w ere considered nonm otile and designated H _ .
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T Detection of virulence genes and rapid phylogenetic analysis by PCR. ExPECassociated virulence factors w ere detected by multiplex PC R testing of 36 dif ferent V G s associated with extraintestinal diseases. In addition to the 30 ex traintestinal V G s th a t have been published already (28), 6 additional genes (iunivcnf, iha, ironec, om pT, iss, and ire A ) w ere added as shown in Table 1 (J. R. Johnson, University o f M inneapolis, personal com m unication). Prim ers w ere sorted into six pools based on prim er compatibility and am plicon size. T he multiplex PC R assay was modified from Johnson e t al. (29) . Briefly, PC R was TABLE 2. Virulence genes and PC R sizes for 18 enteric pathogenic E. coli virulence genes and 3 Clerm ont PC R genes perform ed with 0.2-ml PC R tubes (IN T E R PA T H , A ustralia) on a PC-960 th er mal cycler (C orbettR esearch, A ustralia) w ith a reaction volum e o f 25 pi. T he D N A tem plate (2 jxl) was added to a m ixture containing 0.6 mM o f each dATP, dG T P , dC T P, an d d D T P (A stral Scientific, A u stralia), IX buffer solution (Q IA G E N , A ustralia), 4 mM M gQ 2, 0.6 jxM o f each prim er, and 1.5 U of H otStar Taq polym erase (Q IA G E N ). E ach P C R program was preceded by a step o f 15 m in a t 95°C to activate th e H otS tar Taq polymerase, followed by 25 cycles o f 94°C for 30 s, 63°C for 30 s, and 68°C for 3 min, w ith an extension step a t 72°C for 10 min. MilliQ H20 was included in each PC R run as a negative control. D N A from each strain was also subjected to PC R for 18 different V G s (T able 2), which represent various E. coli pathotypes causing enteric disease, including ETEC , EPEC , enteroaggregative E. coli (EaggEC ), enteroinvasive E. coli (E IE C ), and EH E C . T h e designations o f all th e prim ers in both Table 1 and 2 are described in Table S2 in th e supplem ental m aterial.
T h e phylogenetic grouping for each isolate was determ ined based on the PCR m ethod described by C lerm ont e t al. (10) . A tw o-step triplex PC R was perform ed using th re e g ene prim ers (ch u A , yjciA, and D N A fragm ent TspE4C2) under the following conditions: d enaturation for 4 m in a t 94°C, followed by 30 cycles o f 5 s a t 94°C and 10 s a t 59°C, and a final extension step o f 5 m in a t 72°C. T h e following criteria w ere used for assignm ent o f strains to phylogenetic groups: group B2, chuA + , yjaA +: g roup D, chuA + ,yjaA m utant; g roup B l, chuA m utant, TspE 4C 2+: and group A, chuA m utant, TspE4C 2 m u tan t (15) .
PC R products w ere separated by agarose gel electrophoresis. Five microliters o f amplified product was mixed with 3 jxl o f loading dye containing 0.25% brom ophenol blue in 15% Ficoll solution and loaded onto 2.5% agarose gels for electrophoresis (U ltrap u re Agarose: Life Technology, A ustralia) w ith ethidium brom ide (1 pg/ml), using 0.5X Tris-borate-E D T A (T BE ) as running buffer. D N A in th e gel was visualized by exposing th e gel to U V light and was photo graphed with a digital capture system (G el Doc; B io-Rad). PC R product lengths w ere verified by com parison with a 100-bp D N A lad d er (Prom ega, A ustralia).
Pulsed-field gel electrophoresis (PFGE)
. G enom ic D N A for P F G E was p re pared using the technique o f B arrett e t al. (1) , w ith modifications. In brief, bacterial colonies from overnight LB agar w ere em bedded in 2% o f low-meltingpoint agarose (B io-R ad). G enom ic D N A was extracted in situ by treatm en t with lysozyme (0.5 mg/ml; Sigma, A ustralia) and proteinase K (0.5 mg/ml; Sigma) lysis buffers. T h e agarose-packaged D N A was then digested w ith the endonuclease N otl o r X bal (New England Biolabs, A ustralia). T h e resulting fragm ents w ere separated using 1.2% P F G E -grade agarose gel (B io-R ad) in a G eneN avigator system (A m ersham Pharm acia Biotech), with a 5-to 35-s pulse tim e and 200 V for 25 h in 0.5 X T B E buffer a t 12°C. Gel images w ere saved in T IF F form at and processed using G elC om par softw are (version 4.2; A pplied M aths, Kortrijk, Belgium) for com puter analysis. P F G E chrom osom al fingerprints w ere com pared by use o f th e criteria o f Tenover e t al. (46) . Similarity betw een fingerprints was further determ ined on th e basis o f the Dice coefficient. A band position tolerance o f 1.0% and a maximal optim ization shift o f 0.5% w ere set, and dendrogram s w ere generated by th e unweighted p air group m ethod w ith arith m etic m ean analysis.
DNA sequencing. PC R fragm ents w ere partially sequenced for gene verifica tion. T h e D N A band o f th e target PC R product was excised from the agarose gel and purified using a Q IA G E N Gel Purification kit. A total of 70 ng o f purified D N A was subjected to A m pliTaq cycle-sequencing reactions with th e Prism ready reaction dye dideoxy term inator cycle-sequencing kit (Applied Biosystems) according to th e m anufacturer's instructions. Electrophoresis of amplified prod ucts was perform ed on 7% polyacrylamide gels with an autom ated sequencer (model 377A; A pplied Biosystems). T h e nucleotide sequences w ere analyzed with th e ANALYSIS program (A pplied Biosystems) and the A N G IS program (A ustralian National G enom ic Inform ation Service, University o f Sydney).
Statistical analysis. T h e chi-squared test of deviance was used to analyze the correlation betw een the presence of virulence genes and the distribution of virulence genes w ithin different serogroups. Table 3 . Two genes, hlyA and iha, occur significantly more frequently among the PW D isolates (P < 0.01). fim H and traT genes were present in most of the isolates, but fim H was not found in any PWD isolates belong ing to serogroup 0149. A num ber of commensal isolates pos sessed fyiiA or om pT (23 and 13 out of 158 isolates, respec tively), which was rarely found in PWD isolates.
Nine of 18 enteric pathogenic VGs were also detected in the isolates (eltA, estl, estll, stx2e,fa eG ,fed A , east-1, eae, and stx2) . M ost PW D isolates contained a typical porcine ETEC fimbrial gene, either faeG or fedA , and at least one enterotoxin gene, such as eltA, estl, or estll, with the exception of one Qld sero group 0149 isolate, which was fa e G + and m utant for eltA, estl, and estll. The F4 fimbrial gene (faeG ) was exclusively associ ated with serogroup 0149 isolates, and all of the 0141 isolates harbored the F18 fimbrial gene fiedA ), except for one isolate in which only the type 1 fimbriae gene (fimH) was found. The east-1 gene, which encodes the heat-stable toxin EAST1 th a t is u n related to STa and STb, was found to be particularly associated with isolates of serogroup 0 1 4 9 ( Table 3) . N o tably, east-1 was only p resen t in one 0141 strain and 8 o ut of 158 com m ensal isolates. M oreover, none of the 0 1 4 9 isolates possessed any Shiga toxin E. coli (STEC) genes (sttj, stx2, eae, or exh A ), w hereas stx2 was of reasonably high prevalence in serotype 0 141. Com parably, the isolates des ignated com m ensals w ere found on the w hole to lack enteric VGs. F or example, fa eG and fed A w ere n o t detected, only th ree strains contained stx2, and estl and east-1 w ere only detected in 9 and 8 o u t of 158 isolates, respectively, co n firming th a t isolates from healthy pigs generally do n o t carry V G com binations to enable pathogenicity.
It is im portant to note that in the present study, different prim er pairs were used for the detection of stx2 and stx2e allelic variations within the stx2 gene. The majority of strains which possessed stx2 were found to have the stx2e allele (six out of eight 0141 and three o ut of three commensal isolates). This result corresponds to the finding by Fratam ico et al. that con firmed th at stx2e was the m ost frequent stx2 variant found in E. coli isolated from pig feces (20) . In addition, three cdt gene prim er pairs were used (a l/sl, a2/s2, and 3A/3B) for the PCR detection of three different cdt gene alleles: cdtllB, cdtIB, and cdtHIB, respectively. None of these three alleles were present in the ETEC or commensal isolates.
Phylogenetic group analysis of porcine PWD and commen sal isolates. Phylogenetic analysis using the triplex PCR tech nique developed by Clerm ont et al. (10) revealed that group A E. coli isolates were predom inant in the collection of isolates, with a prevalence of 100% in serotype 0149, 92.9% in 0141, and 70.5% in commensal isolates. G roup B1 was only found in commensals (29.5%). Only one 0141 isolate was identified as group B2, and one commensal isolate was found in group D. Interestingly, none of the 0149 isolates contained any of the three Clerm ont PCR gene markers, and most of the 0141 and commensal isolates harbored yjaA or TspE4C2.
Clustering analysis of porcine E. coli based on virulence gene attributes. Two major V G combinations were identified among the clinical isolates in this study: 0149 (hlyA, iha, traT, east-1, estl, estll, eltA, and faeG ) and 0141 (fimH, hlyA, iha, stx2, estl, estll, fedA , a n d yjaA). Thirty VG combinations were present in the 158 commensal isolates, of which 13 were rep resented only by single isolates. The V G combinations of high prevalence were the following: 20/158 (12.7%; fim H and yjaA), 19/158 (12.0%; fim H , traT, and TspE4C2), ' 18/158 (11.4%; fimH, fyiiA, and TspE4C2), 17/158 (10.8%; fimH, traT, and yjaA), 13/158 (8.2%; fim H ), and 10/158 (6.3%';yjaA). The VG profiles identified in the ETEC isolates were significantly dif ferent from the VGs possessed by commensal isolates (P < 0.01). Clustering analysis of the isolates based on VG profiles differentiated the commensals from ETEC isolates by segre gation into two differentiated clusters (cluster 1 for all com mensal isolates and cluster 2 for all ETEC isolates). The ETEC isolates were further separated into two subclusters in accor dance with serogroups (0141 and 0149), but the ETEC iso lates from different geographic origins could not be differen tiated based on their VG profiles. As presented in Fig. 1 , commensal isolates were grouped separately into cluster 1, whereas isolates in 0141 and 0149 were separated into clus ters 2a and 2b, respectively. There was one exception: a sero group 0141 strain was found to be more closely related to the commensal E. coli group, because it was the only ETEC strain lacking hlyA, iha, faeG , and fedA genes, although it did possess fim H ,fy iiA , traT, east-1, and estll genes.
PFGE analysis of PWD isolates. Forty-five PW D isolates were further analyzed by PFG E fingerprinting after restriction enzyme digestion with N o tl and X bal. These isolates included 7 serogroup 0141 isolates (NSW), 9 serogroup 0149 isolates (NSW), 7 serogroup 0149 isolates (Vietnam), and 22 sero group 0149 isolates (Qld). Relatedness of each D N A finger print was clustered using the G elCom par software, as p re sented in Fig. 2 . Based on the PFG E pattern, 45 isolates were separated into two main clusters (I and II) in accordance with serogroups (0141 and 0149). There are three subclusters in serogroup 0149, Ha, lib , and lie, primarily based on geo graphical origin. Q ueensland isolates fell into two distinct groups, with one group (Qld A in Ha) more closely related to Vietnamese isolates than the second Q ueensland group (Qld B 9%) and 07 1 , 3 (1.9%) . The typical PWD ETEC serogroups, such as 0141, 0149, and 0139, were not identified in any of 158 commensal isolates. Serogroups 0 8 and 02 0 , which are regarded as potentially associated with neonatal diarrhea in piglets, were detected with very low prevalence (5 and 2 out of 158 commensal isolates, respectively). Both of the 0 2 0 iso lates possessed stx2 and east-1 genes, and one isolate of 0 8 harbored both hlyA and iha genes.
Clustering dendrogram PFGE patterns Origin Serogroup
Based on the interpretive criteria for PFG E patterns (46), isolates differing by a single genetic event, reflected as a dif ference of one or two bands, are considered closely related and were therefore defined as a distinct PFG E pattern in this study. A total of 62 PFG E patterns were distinguished in the 158 commensal isolates, with 30 of the isolates showing a unique PFG E pattern. The predom inant PFG E pattern (pattern 2 0 # ) was displayed by 16 isolates, followed by pattern 30 #, which was found in 8 isolates. The typical PFG E patterns obtained for the PWD isolates, as shown in Fig. 2 , were not identified in any of the commensals.
Isolates within the same serotype normally possessed iden tical PFG E patterns. F or example, 16 out of 18 isolates within serotype O40:H25 displayed PFG E p attern 2 0 # regardless of sampling animal or location. T here were some exceptions: five isolates with serotype 0114:H~ had four distinct PFG E p a t terns, and 23 isolates belonging to O nt:H~ had 15 PFG E patterns.
DISCUSSION
Porcine ETEC isolates associated with PW D belong to a limited num ber of serogroups, with 0 8 , 0138, 0139, 0141, 0147, 0149, and 0 1 5 7 being the most commonly reported worldwide (22, 36) . Serotyping of porcine ETECs for epide miological purposes utilizes surface-associated determ inants of the bacterium , such as lipopolysaccharide, capsular antigens, and fimbrial antigens (3). Nonetheless, different serogroups still cause similar pathology and clinical disease and should therefore share many features that contribute to their viru lence. An im portant and yet unclear issue addressed in this study is w hether these clonal ETEC isolates have in common virulence genes typical of enteric E. coli or w hether they also
possess additional virulence genes or virulence gene com bina tions th at can be found in other pathotypes, such as EH EC , EPEC, EIEC , EaggEC, and ExPEC. It is likely that the acquisition of certain VGs by transferable genetic elements (plasmids and transposons) endows ETECs with the potential ability to broaden their host range or evolve into new serogroups over time (19, 33) . The deployment of a multivirulence gene panel assembled from different E. coli pathotypes may provide some insight into the acquisition of VGs in different serogroups of porcine ETECs and w hether such diversity may endow better survival attributes because of selection pressure. In this study, both PW D and nonidentical E. coli strains from healthy pigs (commensals) were screened by PCR for a panel of 54 VGs assembled from seven major human pathotypes (ExPEC, ETEC, EPEC, E H EC , STEC, EIEC , and EaggEC). The PW D strains were confirmed to be ETEC due to the possession of at least one of the typical porcine ETEC virulence genes encoding fimbriae and/or enterotoxins. VGs such as east-1 and stx2e were also identified in this PW D isolate collection, m irroring previous findings (9, 22, 38) . s tt2e is normally possessed by porcine STEC strains that cause edem a disease, but some porcine E. coli strains were found to produce stx2e together with enterotoxins capable of causing diarrhea (42) . The east-1 gene was initially found in human pathogenic EaggEC and encodes the heat-stable toxin term ed EAST1, associated with persistent, watery diarrhea in young children (48, 52) . R ecent surveys have shown that east-1 is widely distributed among porcine diarrhea-related strains, although the role of EAST1 in diarrhea caused by porcine ETEC has still not been determ ined (37, 49) . The results of this study showed a significantly higher incidence of east-1 in 0149 ETEC isolates, while the majority o f porcine commensal E. coli isolates are east-1 negative, providing incentive for fur ther investigating the pathogenic significance of this gene in porcine PWD.
In 1985, Levine et al. suggested that factors in addition to enterotoxin production may be im portant in the pathogenesis of ETEC infection in animals (34) . L ater efforts have focused on searching for additional factors shown to be im portant for virulence in other intestinal pathotypes, but the extraintestinal virulence factors have been largely ignored. In the present study, eight ExPEC-associated VGs were found in the porcine E. coli isolate collection. Among these, fim H , which encodes type 1 fimbriae, was frequently detected in both PW D and commensal isolates, with the exception of serogroup 0149 isolates. fim H was present in the majority of commensal p o r cine isolates, which may indicate a potential role for type 1 fimbriae in the adherence of resident E. coli to pig G IT via a m annose-resistant mechanism. Interestingly, contrary to the o ther PW D and neonatal diarrhea serogroups (data not shown) in which fim H prevalences were significantly high, none of the isolates in serogroup 0149 contained fim H , which con curs with the results of a previous study (47) .
In this investigation, 0149 differed from 0141, 0 8 , and commensal strains because of the absence of fim H , fyaA , om pT, cluiA, yjaA, and TspE4C2. However, all these sero groups did have in common faeG , hlyA, iha, and east-1 viru lence genes. 0149 is reported to be the most prevalent sero group isolated from pigs with PW D in Europe and North America (22) . The reason for this dominance is still unclear.
According to H am pson (24) , somatic O antigen or associated factors confers the ability to establish and proliferate in the pig intestine, thus, strains expressing 0149 antigen possess certain advantages over other types. 0149 dominance could also be related to virulence factor composition if these factors enhance competitiveness in the swine gastrointestinal tract. Larsen (32) has shown th at the PW D 0149 strains differed from other serotypes in carbohydrate ferm entation, urease activity, and colicinogenicity tests. In the present study, PFG E analysis dem onstrated th at the D N A fingerprint of 0149 isolates dif fered markedly from other ETEC and non-ETEC isolates, indicating th at possession of the unique 0149 V G profile is linked with genotype. Interestingly, the PFG E analysis showed that isolates from different geographical origins were highly clonal, and the 0149 strains from V ietnam were more related to a group of Qld isolates than NSW isolates, confirming that there has been relatively little m ovement of E. coli populations in pigs between Qld and NSW (13) . This also suggests that the Vietnamese strains probably originated from stock im ported from Q ueensland, most probably during agricultural develop m ent program s sponsored by the A ustralian government (D. T rott, University of Queensland, Australia, personal com mu nication). It is also in agreem ent with the previous report from Ham pson et al. (25) , which dem onstrated that isolates of se rogroup 0149 from suckling piglets in Scandinavia, Australia, and Indonesia belonged to a single clonal grouping based on multilocus enzyme electrophoresis analysis and shared a close genetic relationship with 0149 isolates associated with PWD. The clonal nature of 0149 suggests that the deployment of commensal E. coli strains may provide an effective measure to control PWD via competitive exclusion mechanisms. However, the possibility th at the data and conclusions may only represent a restricted geographical distribution of genotypes cannot be excluded. To support this hypothesis, a broad range of PWD E. coli strains from a wide variety of sources and serotypes will need to be analyzed.
Two virulence genes, hlyA and iha, were present in signifi cantly higher proportions in PW D isolates than in the com mensals. hlyA encodes a-hemolysin, which is a gram-negative bacterial m embrane pore-form ing cytolytic toxin of the RTX family with glycine-rich repeats (50) . a-Hem olysin is predom inantly detected in ExPEC strains. It is also a m ajor m arker of most porcine ETEC and STEC strains, causing PWD and edem a disease in pigs. Porcine ETEC strains associated with PWD are almost universally hemolytic, and a-hemolysin in these isolates is considered to enhance virulence and coloni zation (43) . The cytotoxic necrotizing factor (cnf-1) was re ported to be strongly associated with a-hemolysin and viru lence in both human ExPEC and pig diarrheal isolates. The cn fl gene is closely linked with hlyA on a pathogenicity island (7, 16) . This cooccurrence, however, was not shown in our porcine isolates. It has been dem onstrated that porcine cnf-1-producing E. coli also expresses P, S, and F1C fimbriae in strains causing septicemia and/or diarrhea (14) . O ur results indicate that cnf-1-producing strains are more likely to be ExPEC strains which possess a repertoire of VGs that differ from the enteric PW D strains.
To our knowledge, this is the first report of the presence of the iha gene in porcine PW D isolates with significantly higher carriage rates than gut commensal isolates, iha encodes a novel
nonhem agglutinating adhesin found in E. coli 0157:H 7, which facilitates the adherence of 0157:H 7 strains to epithelial cells in environm ent such as the GIT of animals (45) . iha also facilitates adherence to H eLa cells when transform ed into non adherent E. coli K-12. Prior to this study, iha has only been found in STEC and ExPEC pathotypes. In addition to 0157: H7, other STEC strains also contain iha, including strains of serotype 0111:H~ and 091:H~ (21) . Additionally, iha occurs significantly more frequently in U TI or bacterem ia isolates than human commensal E. coli isolates (29) . The role of iha in colonization of both humans and animals is still being eluci dated. Porcine ETEC strains harboring additional fimbrial adhesins, such as iha and eae, could possibly exploit several al ternative pathways for colonization of the host. The association of iha and hlyA with porcine PWD suggests that these VGs could be used as additional m arkers of pathogenicity in PWD isolates. M ore importantly, due to the fact that the use of vaccines against fimbriated strains may allow the em ergence of other ETEC strains which lack recognized fimbriae such as F4 and F18, iha might be a potential target for anti-ETEC inter vention. Future work will be focused on investigating the role of iha in pig gut colonization by ETEC strains, the mechanisms underlying iha expression, and the presence of this gene in other PW D serogroups. It is widely believed that a positive correlation exists between environm ental stability, community stability, and high m icro bial diversity (40) . A highly diversified microflora may reflect a stable community with greater "colonization resistance" to en teric pathogens. In the suckling piglet, coliforms isolated from norm al feces differ from diarrheal coliforms, because the latter is dom inated by pathogenic clones with reduced diversity, and these express only limited combinations of virulence-associ ated factors (30) . The present study investigated serotype, VG profile, and D N A fingerprint patterns for 158 E. coli isolates designated commensals on the basis of their isolation from healthy pigs. The study confirmed that none of the healthy pigs examined were colonized with typical ETEC strains. Very few isolates were of a serotype that is associated with porcinepathogenic E. coli strains, and fewer still contained virulence genes such as estl, stx2, and east-1, which may be associated with enteric disease in swine. The majority of commensals only possessed "fitness or adaptive" genes such as fim H , traT, and fyaA , which are involved in colonization, serum resistance, and iron utilization, respectively. This result corresponds to a p re vious report by H inton et al. (27) , in which a complex E. coli microbiota was dem onstrated in the G IT of healthy w eaned pigs in the absence of ETEC serotypes such as 0149. The present study also established a rem arkable clonal diversity among the commensal isolates between pigs. This was an in teresting finding, considering that pigs all shared the same environm ent and feed and w ater sources. A high level of di versity among com m ensalE. coli (12) has also been observed in cattle and hum an feces based on serotype identities (4, 6) . By comparing E. coli biochemical fingerprints from five healthy piglets from 7 to 63 days of age, Melin et al. (35) suggested that a disturbed (i.e., decreased diversity) fecal coliform microbiota close to weaning may reflect a situation contributing to an increased susceptibility to various enteric diseases. This infor mation, together with previous work on the diversity of E. coli isolates from different intestinal com partm ents of the gastro intestinal tract of pigs (12) , supports the contention that a highly diverse spectrum of commensal E. coli strains th at have colonized the gut epithelial surface can provide a competitive barrier against incoming pathogenic E. coli. The deployment of a large panel of virulence genes from a wide range of E. coli pathotypes has revealed that porcine ETECs have, in the course of their evolution, also acquired extraintestinal viru lence genes. Consequently, virulence gene combinations se lected from both the intestinal and extraintestinal pathotypic panel can be used to characterize particular ETEC serogroups. The absence of virulence gene combinations can also be used as an epidemiological tool to characterize clonal clusters of commensal E. coli. The advantage of such an approach over serotyping is its potential to evaluate the population structure of entire E. coli communities without the need for multiple analysis of many individual and nonrepresentative clones (8) .
